A homologue of the HtrA family of stress-response proteases was detected by analysis of the Streptococcus mutans genome sequence. Disabling of the S. mutans htrA gene by insertional inactivation resulted in bacterial clumping in liquid medium, altered colony morphology and a reduced ability to withstand high temperature, extremes of pH or oxidative stress. Seven different extracellular or wall-associated proteins that are known to be subject to post-translational proteolysis were examined in cultures of wild-type S. mutans and an htrA mutant. Inactivation of the htrA protease had no effect on degradation of the proteins. ß
Introduction
In dental caries, the production of acids that damage the tooth enamel is due to fermentation of sugars by bacteria such as Streptococcus mutans, considered to be the principal aetiological agent of dental caries. Factors that are believed to contribute to the cariogenicity of S. mutans include its capacity to survive the stresses (particularly low pH) experienced in dental plaque and possession of a range of extracellular proteins and enzymes that contribute to adhesive interactions in plaque. Of the surface proteins that have been characterised, the high-molecularmass surface protein, referred to variously as antigen B, I/II, P1, SpaP, SR or Pac, has been shown to bind to salivary glycoproteins and to be necessary for cariogenicity in a rat model [1] . This 185-kDa protein has the C-terminal LPXTG motif thought to be involved in covalent linkage to peptidoglycan, but is also found free in culture supernatants, along with a number of lower-molecularmass forms [2, 3] . Another wall-associated protein, WapA, is also released by proteolytic cleavage [4] and two extracellular enzymes, dextranase and fructanase, have LPXTG motifs but are nevertheless found predominantly in culture supernatants [5^7] . In addition to the proteolytic events that release these wall-associated proteins and enzymes, it has long been recognised that extracellular glucosyltransferases and fructosyltransferase that synthesise polymers from sucrose are also broken down to lower-molecular-mass forms [8, 9] , as is the major glucanbinding protein [10] . These proteolytic events can have a strong in£uence on both the cellular location and level of activity of surface proteins and enzymes, though the protease(s) responsible have yet to be identi¢ed.
Recently, it has been reported that another Gram-positive coccus, Lactococcus lactis, has a single chromosomally-encoded surface protease, called HtrA, that is proposed to be involved in proteolysis of abnormal proteins synthesised under stress conditions [11] . HtrA was also shown to play an important role in the degradation of heterologous proteins expressed in recombinant L. lactis and in the processing of an endogenous autolysin [11] . These observations suggested that a homologue of HtrA might be responsible for processing of extracellular proteins in S. mutans.
The HtrA/DegP family of serine proteases is widely distributed and homologues have been found in bacteria, yeast and humans [12] . The proteins characteristically possess an amino-terminal hydrophobic region, a trypsin-like catalytic domain with conserved His, Ser and Asp residues and a PDZ domain thought to be involved in formation of multimeric enzyme complexes and targeting [13] . HtrA proteins have been shown to have a housekeeping function, acting as chaperones and degrading misfolded proteins [14] . Some bacteria have more than one paralogue of HtrA [15] , but in all cases, the evidence points to a major role for these proteases in helping organisms to survive environmental stresses such as elevated temperature, oxidative and osmotic stress. Inactivation of htrA genes can thus restrict the survival ability of bacteria and this has been used to generate attenuated mutants of a number of pathogens [16, 17] . Most research has focused on the e¡ect of HtrA on intracellular metabolism, but in S. mutans, extracellular proteins are believed to play an important part in the process leading to dental caries. We have therefore used sequence data from the S. mutans genome project in progress at the University of Oklahoma [18] to inactivate the htrA gene in order to investigate its e¡ect on stress survival and processing of extracellular proteins.
Materials and methods

Bacterial strains and growth conditions
Strains of S. mutans used were UA159, which is the strain chosen for genome sequencing, and the highly-transformable strain LT11 [19] . Ultracompetent Escherichia coli XL10-Gold (Stratagene) and E. coli TOP10FP (Invitrogen) were obtained from the commercial suppliers. S. mutans cultures were maintained anaerobically at 37³C in either brain^heart infusion broth (BHI, Oxoid) or Todd^Hewitt broth (Difco) with 0.5% yeast extract (THYE) and E. coli strains were routinely grown in Luria Broth at 37³C with aeration. Antibiotics were added at 1 Wg ml 31 erythromycin for S. mutans or 100 Wg ml 31 ampicillin for E. coli when required.
Identi¢cation of htrA gene
The TBLASTN programme [20] was used to search the S. mutans sequence data [18] available at http://www.ou/ edu/ with the L. lactis htrA gene sequence [11] , GenBank accession number AF 155705. The sequence containing htrA was recovered with the aid of the Virulogenome website http://www.vge.ac.uk and analysed with the commercial packages DNAMan and Omiga as well as a range of web-based sequence-analysis programmes.
DNA manipulations
Isolation of chromosomal and plasmid DNA and cloning procedures were carried out by standard procedures [21, 22] or as described by the manufacturer for PCR-TOPO1 TA cloning vector (Invitrogen). DNA ampli¢ca-tion was performed by PCR using S. mutans chromosomal DNA as the template and 100 Wl reaction mixture containing 50 pmol of each primer and 0.02 mM MgSO 4 . The forward and reverse primers for the internal fragment of htrA were TGTCGGTAAATTAGTAGGTTCTGATAC-TT and TGTTTTAGTTAATTGGATCTCAACTGTTT-GT, respectively. The PCR cycle involved denaturation at 95³C for 1 min, annealing at 55³C for 10 min and extension at 72³C for 5 min. VENT polymerase (BioLabs Inc.) was used as the thermostable polymerase and oligonucleotides were synthesised by VhBio Ltd. (UK). Restriction enzymes and T4 DNA ligase from BioLabs Inc. were used as instructed by the manufacturer. Southern blot analysis was carried out by using digoxigenin-labelled probes according to the manufacturer's instructions (Boehringer Mannheim).
Automated DNA sequencing was performed by the Molecular Biology Facility, University of Newcastle upon Tyne. Sequencing was carried out with the universal and reverse primers for PCR-TOPO1 TA cloning vector (Invitrogen) or custom oligonucleotides designed on the sequence of plasmid pVA8912 or the S. mutans chromosome. All sequencing was done in both directions with overlapping clones. Protein-homology searches were performed by use of the BLASTP programme [20] and Interpro database [23] .
Insertional inactivation of htrA in S. mutans
In order to inactivate the htrA gene by single-crossover homologous recombination, an internal fragment was ampli¢ed from S. mutans UA159 and cloned into the PCR-TOPO1 TA cloning vector. The insert was excised with EcoRI and subcloned into pVA8912, which is able to replicate in E. coli, but not in streptococci. pVA8912 was derived from pVA8911 by removal of the PvuII fragment [24] . S. mutans LT11 and S. mutans UA159 in early-exponential growth phase were transformed with plasmid DNA by electroporation in THYE using 0.1 cm-gap distance cuvettes (Bio-Rad) and exposing to one electric pulse with the Bio-Rad Gene pulser (peak voltage, 2.5 kV; capacitance, 25 F; pulse controller, 200 6). Electroporated cells were immediately placed on ice for 2 min, 400 Wl of pre-warmed BHI broth added and the cultures incubated for a further 2 h before aliquots were plated on BHI agar supplemented with erythromycin. Plates were incubated in anaerobic conditions for 3 days at a suboptimal temperature (28³C) in order to avoid problems due to possible thermosensitivity of htrA mutants.
Stress responses
To determine the e¡ect of temperature stress on S. mutans and htrA mutants, THYE broth cultures were incubated overnight and used to inoculate media that were incubated at 28, 37, 39 or 42³C. The ability to multiply under di¡erent conditions of pH was tested by inoculating into broth adjusted to pH 4.0, 5.0, 6.0, 7.0 or 8.0, followed by overnight incubation at 28³C.
In order to study the oxidative tolerance of the htrA mutant, overnight cultures were adjusted to an OD 600nm of 1.0 and incubated at 28³C in the presence of H 2 O 2 at di¡erent concentrations (10, 20, 30 or 40 mM) for 1 h. In order to determine the number of viable bacteria after exposure to the stress, they were concentrated by centrifugation (5000Ug for 5 min), resuspended in PBS and serial dilutions plated on BHI agar containing 1 Wg ml 31 erythromycin. The resuspension in PBS was necessary to disperse the clumps formed by the htrA mutants.
2.6. Sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) and Western immunoblotting S. mutans LT11 and its isogenic htrA mutant were cultured for 48 h in THYE and extracellular proteins concentrated by centrifugal ultra¢ltration. Protein content of samples were adjusted to the same level and subjected to SDS^PAGE in 7.5% acrylamide. Western blotting analysis was performed as previously described [4] . Antigen B, WapA, GTF, FTF and GbpA were detected with rabbit polyclonal antisera available from previous studies in this laboratory [2,4,8^10] using alkaline phosphatase anti-rabbit IgG-conjugate provided by Sigma. GTF and FTF activities were detected after incubation in sucrose, followed by staining of the gels with the periodic acid-Schi¡ method [25] and dextranase was detected on gels containing blue dextran [26] .
Results
Identi¢cation of the htrA gene of S. mutans
Searching of the S. mutans UA159 sequence database by TBLASTN with the htrA gene of L. lactis allowed discovery of a contig with a region demonstrating a high degree of homology. A further search of the entire GenBank database (including un¢nished microbial genomes) with the identi¢ed region by BLASTX showed that the S. mutans sequence showed homology to many members of the HtrA/DegP family. The highest homology was found in open reading frames (ORFs) encoding putative HtrA homologues in the genome sequences of Streptococcus pneumoniae (61% identity), Streptococcus pyogenes and Enterococcus faecalis. Fig. 1 shows the alignment with sequences of HtrA proteins from L. lactis and Lactobacillus helveticus that have been con¢rmed to have functions in stress response [11, 27] .
A predicted ORF of 402 amino acid residues was detected, starting at bp 2 028 165 on the completed S. mutans genome [18] . The hydrophobicity plot of the deduced protein sequence closely matched that of HtrA of L. lactis, L. helveticus and the other putative streptococcal HtrA proteins, with a strongly hydrophobic region close to the N-terminus that may serve as a signal peptide or membrane anchor. The consensus from a number of computer prediction programmes is that HtrA is likely to be exposed on the outside of the cytoplasmic membrane. Analysis by the Interpro motif-searching database identi¢ed the presence of the catalytic residues and PDZ domains as well as the six conserved motifs (Fig. 1 ) characteristic of HtrA proteins [23] . 475 nucleotides downstream of htrA lies a putative chromosome segregation protein homologous to spoOJ of Bacillus subtilis, while upstream of htrA, an ORF of unidenti¢ed function is encoded on the opposite strand. It would therefore appear that htrA does not form part of an operon. This gene arrangement is similar to that found in S. pneumoniae [28] and S. pyogenes [29] .
Cloning and inactivation of htrA
An internal 754-bp fragment of the S. mutans htrA gene was ampli¢ed from S. mutans UA159 chromosomal DNA by PCR using primers based on the genome sequence. The PCR product was cloned in the PCR-TOPO1 TA vector, sequenced in both directions in order to con¢rm its identity and inserted as an EcoRI fragment into the E. coliŜ treptococcus shuttle plasmid pVA8912. The resultant plasmid was then introduced to S. mutans strains UA159 and LT11 by electroporation to allow insertion into the chromosome. To con¢rm the integration of pVA8912 into the htrA gene of S. mutans, chromosomal DNA was isolated from S. mutans UA159 and the htrA mutants, digested with EcoRI and analysed by Southern blot hybridisation with digoxigenin-dUTP-labelled pVA8912 and the 754-bp PCR-ampli¢ed fragment of the htrA gene. Insertion of pVA8912 into the chromosomal htrA was also con¢rmed by PCR, using primers based on plasmid and genome sequences.
Characterisation of S. mutans htrA mutants
Colonies of the htrA mutant grown on BHI plates at 28 or 37³C were smaller and irregular in shape compared with the wild-type S. mutans (Fig. 2a) . Revertant colonies with a normal, smooth appearance appeared in the absence of erythromycin selection. In liquid cultures, the htrA mutant showed clumps in the medium (Fig. 2b) . The altered appearance of growth on both solid and liquid medium indicated greater cell-to-cell aggregation due to altered surface properties. However, no di¡erence in cell morphology or length of chains of streptococci could be detected by light microscopy. Because htrA mutants of strains UA159 and LT11 showed similar properties, further experiments were performed only with the S. mutans LT11 htrA mutant. 
Stress responses of htrA mutant
The HtrA protease in other bacteria has been found to be associated with the ability to survive under adverse conditions and the S. mutans htrA mutant showed a reduced temperature range of growth and a reduced ability to multiply at pH values beyond its optimum (Table 1) . Various H 2 O 2 concentrations were tested in order to estimate the relative survival under oxidative-stress conditions. The survival rate was calculated as the ratio of number of colonies obtained on BHI plates after serial dilutions. At all concentrations of H 2 O 2 , the survival of the S. mutans htrA mutant was lower than that of S. mutans LT11. For example, after exposure to 40 mM peroxide for 1 h, 90% of the parental strain survived, whereas only 0.0001% of the htrA mutant cells were capable of forming colonies.
Processing of extracellular proteins
Concentrated supernatants of cultures grown overnight at 28 or 37³C in THYE were prepared from S. mutans LT11 and its htrA mutant to investigate whether HtrA protease plays a role in the release and degradation of extracellular proteins. GTF and FTF were detected by incubating gels in sucrose and staining with periodateSchi¡ reagent after SDS^PAGE. We have previously described the multiple bands of activity obtained [8, 10] and no di¡erence was observed between wild-type and htrA mutant in number of bands at either temperature. Similarly, when dextranase was detected using gels containing blue dextran [5] , no di¡erence was observed between mutant and wild-type. Western blotting was also used to detect GTF and FTF as well as antigen B, WapA and GbpA. All of these extracellular proteins have previously been described to be detectable as multiple electrophoretically-separable forms, but the htrA mutation had no in£u-ence on their appearance. Fig. 3 shows results obtained with GTF+FTF, dextranase, and antigen B.
Discussion
S. mutans secretes various extracellular proteins that may be involved in the colonisation of surfaces and in the metabolic activity that leads to the initiation of dental caries. These include glucosyltransferases, fructosyltransferase, dextranase, fructanase, glucan-binding proteins and wall-associated proteins antigen B and WapA. Previous results have described proteolytic degradation of all these proteins in culture supernatants. Recently, Poquet et al. have reported that HtrA is the protease responsible for processing of a wall autolysin in L. lactis and is also involved in degrading abnormal or heterologous exported proteins [11] . This suggested that HtrA in S. mutans might also be involved in processing of secreted proteins.
In this work, we have identi¢ed the htrA gene of S. mutans and obtained a mutant by insertional inactivation in order to study the in£uence of HtrA on extracellular proteins. As in other Gram-positive cocci [11] , there appears to be a single htrA gene in S. mutans. Sequence analysis of the S. mutans HtrA protein showed a high degree of homology to other HtrA proteins, with a catalytic domain containing a triad of His, Ser and Asp residues, characteristic for trypsin-like serine proteases, and a PDZ domain.
HtrA homologues in other organisms are thought to be involved in stress-responses by degrading abnormal proteins, and results obtained with the S. mutans htrA mutant showed signi¢cant di¡erences in growth and phenotypic characteristics compared with the S. mutans wild-type strain. The htrA mutant had a restricted temperature range, a restricted pH range of growth and also exhibited sensitivity to oxidative stress. These observations are consistent with HtrA being involved in stress response. The htrA mutant had slow-rate growth, formed wrinkled colonies on agar and cohesive clumps in liquid media. These indicated that surface properties were altered in the htrA mutant. Further investigations will be required to identify the nature of the changes, taking note of the ¢nding that alterations in one surface component can have extensivè knock-on' e¡ects on other molecules [30] . However, electrophoretic analysis of seven di¡erent extracellular proteins that are known to undergo proteolytic modi¢cation showed that their processing was unaltered in the htrA mutant. While htrA can thus be concluded to in some way in£uence surface properties, it clearly does not do this by altering the pattern of cleavage of these proteins. So what protease is responsible for the cleavage ? One other extracellular protease has been described in S. mutans [31] , but its function is not yet known. In addition, a surface-protein releasing-enzyme activity has been described that is associated with the release of antigen B (SpaP) and FruA [32, 33] and that might also cause posttranslational modi¢cation. Data-mining of the S. mutans genome will facilitate the identi¢cation of the genes for this and other potential proteases and targeted inactiva- Fig. 3 . SDS^PAGE of concentrated culture supernatants of S. mutans LT11 and S. mutans LT11 htrA. A: Gel incubated in sucrose and stained to detect GTF and FTF activity; B: blue-dextran gel to detect dextranase ; C: Western blot with antibody to detect antigen B. In each case, the wild-type S. mutans LT11 is the left-hand sample. tion studies as described in this report will allow exploration of the complex processes a¡ecting the release and processing of surface proteins and enzymes.
